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The major documented effect of auditory deprivation on visual processing is enhanced spatial attention,
in particular to the visual periphery and to moving stimuli. However, there is a parallel literature that has
reported deﬁcits in temporal aspects of visual processing in individuals with profound hearing losses.
This study builds upon previous work showing possible deﬁcits in processing of rapid serial visual pre-
sentation streams in deaf children [Restorative Neurology and Neuroscience (2010), 28, 181–192]. Deaf
native signers of American Sign Language and hearing children and adults were asked to perform a 2-AFC
identiﬁcation task with a visual target embedded in a stream of visual stimuli presented at 6 Hz. Both
children and adults displayed attentional awakening, whereby target identiﬁcation accuracy improved
as the number of stimuli preceding the target increased. For deaf children, however, this awakening effect
was less pronounced than that observed in hearing children, interpreted as difﬁculty sustaining entrain-
ment to the stimulus stream. The data provide the ﬁrst account of attentional awakening in children,
showing that it improves across the 6–13 year age range. They also provide additional support to the pos-
sibility of domain-general alterations in the processing of temporal information in the absence of audi-
tory input.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
It is now well documented that early profound deafness results
in changes in visual functions (Dye & Bavelier, 2012; Pavani &
Bottari, 2012). Studies of deaf adults have demonstrated that they
are better able than their hearing peers to detect and localize tar-
gets in their visual periphery (Buckley et al., 2010; Dye, Hauser, &
Bavelier, 2009; Loke & Song, 1991), and process visual motion
(Armstrong et al., 2002; Hauthal et al., 2013a; Stevens & Neville,
2006). There is also some evidence that deaf adults are better able
to orient their visual attention in response to external cues
(Bosworth & Dobkins, 2002; Bottari et al., 2010; Colmenero et al.,
2004; Dye, Baril, & Bavelier, 2007; Parasnis & Samar, 1985). At
the behavioral level, it has been proposed that these changes in
visual functions reﬂect enhanced visual perception or enhance-
ments in visual attention to the periphery and to motion (Dye &
Bavelier, 2012; Pavani & Bottari, 2012). At the neural level, a num-
ber of potential mechanisms have been postulated to explain the
changes in visual function, including a redistribution of retinal gan-
glion cells (Codina et al., 2011b), enhanced responsivity of early
visual processing areas (Bottari et al., 2011), changes in top-downconnectivity within the dorsal visual pathway (Bavelier et al.,
2000; Hauthal et al., 2013b), and cross-modal recruitment of func-
tionally homologous areas in auditory cortex (Lomber, Meredith, &
Kral, 2010).
In stark contrast to these studies demonstrating enhanced spa-
tial properties of the visual system in deaf adults, the few studies
that have been conducted with deaf children have suggested that
they may suffer from deﬁcits in these functions at earlier ages that
transform to potential enhancements around the age of 11–
13 years. One study administered a variant of the Useful Field of
View to deaf children born to deaf parents aged 7–17 years and
to Deaf native signer adults (Dye, Hauser, & Bavelier, 2009). This
task required the participants to respond to a central target at ﬁx-
ation, and also indicate the on-screen location of a concurrent
peripheral target (20 deg of visual angle) embedded within a ﬁeld
of distractors. Using the stimulus duration required in order to
achieve 79% accuracy on the peripheral target as a measure, deaf
adults signiﬁcantly outperformed hearing adults. Looking at data
from the children, this deaf advantage was only apparent from
the age of 11 years onwards – prior to that there was no observed
difference between the groups. A subsequent report by Codina
et al. (2011a) looked at how accurately 5–15 year old deaf and
hearing children could detect LED lights in the far periphery
(30–85 deg of visual angle). They reported that deaf children
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From 11 to 12 years, the two groups performed similarly, and from
5 to 10 years of age the deaf children performed worse than hear-
ing children. Thus these two studies produced convergent ﬁndings
– the visual peripheral enhancements observed in deaf adults are
not apparent in young deaf children until they approach the teen-
age years.
A number of studies have focused upon temporal aspects of
visual function in deaf children. Rather than examining how well
deaf children can process information from across the visual ﬁeld,
they have looked at how well they are able to process rapidly
changing visual information over time. Several studies have used
continuous performance tasks, which are computerized measures
of attention that typically require children to attend to a rapidly
changing stream of visual stimuli. The Gordon Diagnostic System
(Gordon & Mettleman, 1987) is one commonly used continuous
performance task. In the Gordon Diagnostic System digits appear
rapidly, one at a time, in the center of an LED display, and subjects
are required to make a response to a target digit or to a speciﬁc
sequence of target digits. Deﬁcits in continuous performance tasks
have been reported in deaf children in several studies (Horn et al.,
2005; Quittner et al., 1994; Smith et al., 1998). This has led to the
suggestion that deaf children are more impulsive (Quittner et al.,
1994) and suffer from elevated levels of distractibility (Mitchell
& Quittner, 1996). Furthermore, Smith et al. (1998) reported data
suggesting that cochlear implantation alleviates these deﬁcits,
although the children with cochlear implants did not achieve the
performance levels of hearing controls. These ﬁndings have led
some to suggest that a lack of auditory input may prevent success-
ful multi-modal integration, with one result being that the visual
system does not beneﬁt from the temporal information provided
by the auditory modality (Conway, Pisoni, & Kronenberger,
2009). Recently, however, we reported a study using continuous
performance tests in 6–13 year old deaf children who acquired
American Sign Language (ASL) from birth (Dye & Hauser, 2014).
We found that deaf and hearing children were comparable in terms
of how well they could sustain attention to a sequence of centrally
presented digits (see also Tharpe, Ashmead, & Rothpletz, 2002), but
that the youngest deaf children had difﬁculty when distractor dig-
its were presented to the left and right of the target stream. One
interpretation given for this ﬁnding was that shifting attention
from the periphery to the center was an effortful process for young
deaf children, which taxed their age-limited cognitive resources.
It has also been reported that deaf children have difﬁculty
implicitly learning transitional probabilities governing a temporal
sequence of visual locations (Conway et al., 2011). Five to 10-
year-old normally hearing children, and deaf children with a
cochlear implant, were asked to reproduce sequences of colored
squares appearing in quadrants of a touchscreen. The sequences
were created on the basis of a set of transitional probabilities that
speciﬁed the probability of a color appearing at time t + 1 given the
identity of the color at time t. Two sets of sequences (set A and set
B) were generated using different transitional probabilities. After
observing a sequence from set A, the children were asked to repeat
that sequence by tapping it out on the touchscreen. This was
repeated for several sequences, and followed by a test in which
sequences from set A were interspersed with sequences from set
B. It was reasoned that if children learned the underlying transi-
tional probabilities of set A, then they should be able to better
reproduce test sequences from set A than from set B. Such an
advantage was reported for normally hearing children (learning
score = +5.8%, 14 out of 26 children with positive scores), but not
for deaf children who had received a cochlear implant (learning
score = 2.5%, 8 out of 23 children with positive scores). A margin-
ally signiﬁcant correlation was reported between a deaf child’s
learning score and the age at which they received a cochlearimplant (after controlling for age at time of test). Further, the
learning score was a signiﬁcant predictor on two subtests of the
CELF-4 (a standardized clinical measure of spoken language pro-
cessing), suggesting that any impairment in temporal sequence
processing may operate across domains. Conway, Pisoni, and
Kronenberger (2009) have proposed an auditory scaffolding
hypothesis, which posits that temporal sequencing skills are devel-
oped in the auditory modality and subsequently exploited in the
visual modality – a lack of auditory input therefore results in def-
icits in temporal sequence processing in the visual domain.
We recently reported data from a rapid serial visual presenta-
tion (RSVP) task in young deaf children (7–10 years) and deaf
adults (Dye & Bavelier, 2010). The task required observers to look
at a series of colored shapes presented in the center of the visual
ﬁeld. The shapes appeared one at a time, at a rate of approximately
9 items/s. The observers’ task was to monitor the stream of shapes
for a target shape (for half of the subjects a red isosceles triangle
pointing left or right, and for the other half a blue isosceles triangle
pointing up or down). At the end of the RSVP sequence, they
reported the direction (up-down, left–right) of the target shape.
The data revealed that whereas most deaf adults achieved asymp-
totic performance (the same as all hearing adults), young deaf chil-
dren performed signiﬁcantly worse than young hearing children.
An attentional blink task conducted with the same subjects
revealed no differences between deaf and hearing subjects, sug-
gesting that the deﬁcit in the young deaf children was not due to
impaired attentional recovery over time.
In this study we sought to build upon our earlier work by
administering an RSVP task to a cross-sectional sample of deaf
and hearing children aged 6 through 13 years and also to deaf
and hearing adults. All deaf participants had at least a severe-to-
profound hearing loss, and none had received a cochlear implant.
They were all born deaf to culturally Deaf parents from whom they
acquired American Sign Language as a ﬁrst language in infancy. We
reasoned that if the deﬁcit was due to auditory deprivation – as
suggested by the auditory scaffolding hypothesis – then the deﬁcit
would be apparent for these deaf children and adults alike. How-
ever, failure to ﬁnd a deﬁcit in either the deaf children or adults
would suggest a need to revise the auditory scaffolding hypothesis
to take into account other factors (for example, age of exposure to
perceivable natural language).2. Experiment 1: children
2.1. Methods
This study was conducted with the approval of the Institutional
Review Board at the University of Illinois at Urbana-Champaign
and in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving
humans. Written consent was obtained from a parent of each child
before obtaining written consent or verbal assent from all children.
2.1.1. Participants
A total of 75 deaf and hearing children aged between 6 and
13 years were recruited into the study. Screening questionnaires
were used to exclude children who (1) played action video games,
(2) wore cochlear implants, (3) reported a learning disability or
visual impairment (other than being shortsighted), and (4) had a
history of neurological or psychiatric disorder. The deaf and hear-
ing groups did not differ in mean age (t(73) = 0.64, p = .524) or in
gender distribution (v2 (1) = 0.224, p = .636).
2.1.1.1. Hearing children. Hearing children (n = 54) were recruited
from schools in Champaign, IL, and paid for their participation.
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Sign Language. The mean age of the hearing children was 10 years
0 months, with a range of 6 years 1 month to 13 years and
11 months. Twenty-ﬁve were male (46%), and twenty-nine were
female (54%).
2.1.1.2. Deaf children. Deaf children (n = 21) were recruited from
residential schools for the deaf in California and Indiana, and paid
for their participation. They were all native signers of American
Sign Language who were born to Deaf parents and with at least a
severe-to-profound hearing loss in their better ear (>75 dB HL
PTA). The mean age of the deaf children was 9 years 8 months, with
a range of 6 years 5 months to 13 years and 8 months. Eleven were
male (52%), and ten were female (48%).
2.1.2. Design
A single stream RSVP task was administered to all participants.
Each trial consisted of a sequence of images appearing one at a
time in the center of a touchscreen. The images were JPEG ﬁles
of Pokémon™ characters, positioned either the right way up or
inverted. One of the characters was designated as the target char-
acter, and could appear facing to the left or to the right. The posi-
tion of the target in the stream was manipulated by changing the
number of preceding characters. The same character in the same
orientation was never presented consecutively, although an
upright and an inverted image of a character were permitted to
appear next to each other in a sequence.
There were four bins of pre-target characters: 1–3, 4–6, 7–9,
and 10–12. Each bin was selected from equally (24 trials from each
bin), with the exact value from within the bin determined ran-
domly on each trial. The same procedure was used to determine
the number of post-target characters: there were two bins (3–4,
and 6–7), each selected from an equal number of times, and the
exact value for each trial then determined randomly from within
that bin.
The target appeared facing left or right an equal number of
times. Fully combining target orientation (left, right), pre-target
bin (1–3, 4–6, 7–9, 10–12) and post-target bin (3–4, 6–7) resulted
in 16 combinations. These combinations were repeated 6 times to
generate a total of 96 trials. The smallest possible sequence had
one pre-target, the target itself, and three post targets (a total of
5 characters); the longest possible sequence had twelve pre-tar-
gets, the target, and seven post-targets (a total of 20 characters).
The sequence appeared at a rate of six characters per second.
Characters appeared for 117 ms with a blank 50 ms inter-stimulus
interval. At the end of each sequence, both potential targets
appeared on the screen until subjects had ﬁnished responding.
For this response screen, the left-facing target was always on the
left of the screen, and the right-facing target was always on the
right of the screen.
2.1.3. Apparatus
The experiment was programmed in Matlab R2009b on a Mac-
Book Pro laptop running OS X 10.6. Stimuli were presented via a
22-in. EloTouch touchscreen monitor.
2.1.4. Stimuli
All stimuli were Pokémon™ characters selected to be visually
distinct in terms of their shape and/or color (see Fig. 1). In order
to generate sufﬁcient stimuli, the 13 non-target characters were
reﬂected in either the horizontal or vertical plane to double the
pool of potential stimuli. All images were normalized such that
they subtended 4 by 4 deg of visual angle at a viewing distance
of 40 cm. The target images were of the same size, and appeared
to be looking to the left or to the right.2.1.5. Procedure
Hearing research assistants tested hearing participants in Eng-
lish, and Deaf research assistants tested deaf participants in Amer-
ican Sign Language. Participants were told that they would see a
sequence of Pokémon characters appearing in the center of the
screen. They were shown pictures of the target facing left and right,
and told that they would see one of those characters appear some-
where in the sequence. They were instructed to watch the entire
sequence, and then indicate whether they saw the left-facing or
the right-facing target by touching the appropriate character on
the response screen. At the end of each trial, participants were
given visual feedback on the accuracy of their response, and
instructed to press the space bar to initiate the next sequence.
Experimenters did not provide additional feedback during the
experimental trials.
2.2. Results
For all analyses, a criterion of alpha = .05 was established. Data
took the form of percentage of correct target identiﬁcations as a
function of the number of characters appearing prior to a target
(pre-target bin = 1–3, 4–6, 7–9, 10–12) or following a target (post-
target bin = 3–4, 6–7).
Inspection of the data suggested little overall difference in the
performance of deaf and hearing children. There was improvement
in accuracy as the number of pre-target items increased, and this
appeared to be dissimilar for deaf and hearing children. Increasing
the number of items preceding the target appeared to improve
identiﬁcation accuracy more for hearing children than for deaf
children (see Fig. 2).
2.2.1. Effect of pre-target bin on RSVP accuracy
In order to determine whether the number of pre-target items
inﬂuenced identiﬁcation accuracy, a repeated-measures ANOVA
was conducted with pre-target bin (1–3, 4–6, 7–9, 10–12) as a
repeated measure, deafness (deaf, hearing) as a between-subjects
factor, and identiﬁcation accuracy as the dependent measure.
The repeated measure met the requirements for assuming
sphericity (Mauchly’s W = 0.876, p = 0.092). The ANOVA revealed
a signiﬁcant main effect of pre-target bin: F(3,219) = 9.93,
p < .001, partial g2 = 0.12. There was also a signiﬁcant two-way
interaction between pre-target bin and deafness: F(3,219) = 3.31,
p = .021, partial eta-squared = .04. Finally, the main effect of deaf-
ness was not statistically signiﬁcant (F < 1), indicating no differ-
ences in the overall accuracy of deaf and hearing children.
In order to follow up on the interaction between number of pre-
target items and deafness, identiﬁcation accuracy was regressed
against the number of pre-target items (the 1–3 bin was recoded
as 2 items, the 4–6 bin as 5 items, etc.) in order to compute an
intercept and slope for each subject. For hearing children, the mean
intercept was 69.9% with a mean slope of 0.9% per item. For deaf
children, the mean intercept was 74.5% with a mean slope of
0.1% per item. Thus, base accuracy rates were similar, but the
slopes for deaf children were much smaller than those of the hear-
ing children. An ANCOVA was conducted on the intercept values,
with deafness (hearing, deaf) as a between-subjects factor and
age in months as a covariate. After controlling for age
(F(1,72) = 25.80, p < .001, partial eta-squared = .26) there was no
signiﬁcant difference between the intercepts of deaf and hearing
children (F(1,72) = 2.27, p = .136, partial eta-squared = .03). Thus
the deaf and hearing children have similar predicted identiﬁcation
accuracies as the number of pre-target items approaches 0.
The same analysiswas performedwith slope values as the depen-
dent variable. After controlling for age in months (F < 1), there was a
signiﬁcant difference between the mean slope values for deaf and
hearing children (F(1,72) = 4.05, p = .048, partial eta-squared = .05).
Fig. 1. Rapid serial visual presentation (RSVP) streams were created by presenting Pokémon™ characters one at a time at the same spatial location at a rate of 6 Hz.
Participants were instructed to monitor the image stream for a left-facing or right-facing target (shown here facing right). The target was preceded by a variable number of
characters randomly determined trial-to-trial from one of four bins: 1–3, 4–6, 7–9, or 10–12 characters. A number of characters also followed the target, before they were
presented with a response screen containing the two possible target characters.
Fig. 2. Regression slopes showing identiﬁcation accuracy as a function of the number of pre-target items for each child in Experiment 1. For both hearing and deaf children, as
the number of pre-target items increased there was improvement in target identiﬁcation accuracy – providing the ﬁrst demonstration of the attentional awakening effect in
children. Slope size was correlated with age, suggesting that temporal entrainment improves across the 6–13 year age span. In deaf children, however, slope size was smaller
than that observed in hearing children and did not differ signiﬁcantly from zero.
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those of deaf children, indicating a larger beneﬁcial effect of entrain-
ment on identiﬁcation accuracy in the RSVP task. For the hearing
children, the mean slope was signiﬁcantly different from 0
(t(53) = 4.44, p < .0001) indicating an increase in accuracy as the
number of pre-target items increased. For deaf children, however,
the mean slope did not differ signiﬁcantly from zero (t(20) = 0.39,
p = .702) suggesting no effect of increasing the number of pre-target
items on accuracy.
In order to determine whether slopes varied as a function of
age, partial correlations were computed between age in months
and slope magnitude controlling for baseline accuracy (intercept).
For hearing children the rate of increase in accuracy as a function
of pre-target items was larger for older children: r(51) = +0.60,
p < .001). For deaf children there was also a positive correlation
but it did not reach statistical signiﬁcance: r(18) = +0.37, p = .104.
2.2.2. Comparison of linear and quadratic models
The preceding analyses suggest that temporal entrainment of
attention was present for hearing children, becoming more effec-
tive with increasing age, and that such entrainment was not evi-
dent for deaf children across the age range tested. However,these conclusions assume linear slopes are the best description
for the relationship between the number of pre-target items and
target identiﬁcation accuracy. In order to check this assumption,
the amount of variance explained by linear and quadratic slopes
was assessed. The experimental design resulted in an equal num-
ber of trials being used to estimate performance within each of
four bins: 1–3, 4–6, 7–9, and 10–12 pre-target items. However,
the use of only four data points to ﬁt a quadratic function may
result in over-ﬁtting and spuriously large R2 values. Therefore
identiﬁcation accuracy was recomputed for each number of pre-
target items in order to provide twelve data points for which linear
and quadratic functions could be computed and compared. The
number of data points at each point varied from subject to subject,
and in some cases the number of trials from which accuracy was
estimated was low (in some cases as few as 2 trials). These analy-
ses should therefore be interpreted cautiously.
For the hearing children, a linear function provided a statistically
signiﬁcant ﬁt to the data: accuracy = 69.8 + (0.8  number of pre-
target items), df = 10, p = .007, R2 = 0.54. A quadratic function also
provided a statistically signiﬁcant ﬁt: accuracy = 64.9 + (2.9  num-
ber of pre-target items)  (0.2  number of pre-target items2),
df = 9, p < .002, R2 = 0.76. The increase in R2 from the linear to the
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ter quadratic ﬁt to the data than that provided by a linear function.
A similar pattern of results was obtained for deaf children. In this
case, the linear ﬁt was not statistically signiﬁcant: accu-
racy = 0.73 + (0.002  number of pre-target items), df = 10,
p = .593, R2 = 0.03. However, as for the hearing children, the qua-
dratic ﬁt was statistically signiﬁcant: accuracy = 0.65 + (4.0  num-
ber of pre-target items)  (0.3  number of pre-target items2),
df = 9, p = 0.038, R2 = 0.52. Again, the increase in R2 going from a lin-
ear to a quadratic ﬁt was statistically signiﬁcant (p = .007). The qua-
dratic functions are displayed in Fig. 3 and suggest that, for both
deaf and hearing children, there was an increase in accuracy for
up to 8 or 9 pre-target items followed by a drop-off in performance
as more pre-target items were added. This drop-off in performance
appears to be larger for deaf than for hearing children, and this may
have been responsible for a ‘‘ﬂattening’’ of the linear slopes
reported for deaf children in the preceding analysis.
In order to look further at the interaction between number of
pre-target items and deafness, the initial repeated measures
ANOVA (Section 2.2.1) was repeated with the addition of Helmert
contrasts. These contrasts isolated the source of the pre-target bin
by deafness interaction to the difference in accuracy going from
7–9 to 10–12 pre-target items for the deaf and hearing groups
(F(1,73) = 6.29, p = .014, partial eta-squared = .079). The groups
did not differ when comparing 1–3 with 4–12 items (F < 1), nor
when comparing 4–6 with 7–12 items (F(1,73) = 1.53, p = .220,
partial eta-squared = .021).
2.2.3. Effect of post-target bin on RSVP performance
In order to determine the extent to which backward masking
may have differentially inﬂuenced performance in the two groups,
a repeated-measures ANOVA was conducted with post-target bin
(3–4, 6–7) as a repeated measure, deafness (deaf, hearing) as a
between-subjects factor, and identiﬁcation accuracy as the depen-
dent measure.
The ANOVA revealed a signiﬁcant main effect of post-target bin
on target identiﬁcation accuracy (F(1,73) = 5.64, p = .020, partial
eta-squared = 0.07). Importantly, there was no main effect of deaf-
ness (F < 1), but a signiﬁcant interaction between deafness and post-
target bin was observed (F(1,73) = 11.67, p = .001, partial eta-
squared = 0.14). Post hoc analyses revealed a signiﬁcant main
effect of post-target bin for the hearing children (F(1,53) = 27.42,
p < .001, partial eta-squared = .34) but not for the deaf children
(F < 1). For hearing children, identiﬁcation accuracy following 3–4
post-target items (72.5%) was worse than following 6–7 itemsFig. 3. Quadratic functions provide a signiﬁcantly better ﬁt to the attentional awakening d
than for hearing children resulted from a signiﬁcant drop-off in performance after nine
that deaf children may suffer from a deﬁcit in maintaining temporal entrainment, wherea
of presentation of the stimuli. Adults outperformed children producing ceiling effects th(77.8%). For deaf children, identiﬁcation accuracy was the same
for both post-target bins (75.4% and 74.4% respectively). There
was no signiﬁcant correlation between the drop in accuracy from
3–4 to 6–7 post-target items and age in months for either the hear-
ing (r(54) = 0.13, p = .361) or deaf (r(21) = 0.07, p = .776) children.
2.3. Discussion
We hypothesized that deaf children would have lower identiﬁ-
cation accuracies than their hearing peers. However, there were no
overall differences in identiﬁcation accuracy between the two
groups, who were well matched for both age and gender. Com-
pared to the data reported by Dye and Bavelier (2010), both deaf
and hearing children’s performance was lower despite a slower
rate of presentation in the current study (6 items/s rather than
9 items/s). This may have been driven in part by the use of the
more complex visual stimuli (Pokémon™ characters vs. colored
shapes) that were employed in an attempt to avoid ceiling effects
that had contaminated the Dye and Bavelier study.
The improvement in performance as a function of the number
of pre-target stimuli appears to be an example of attentional awak-
ening. This phenomenon, ﬁrst reported by Ariga and Yokosawa
(2008), is characterized by an increased ability to process a target
stimulus in a temporal stream of events as the number of stimuli
preceding that target increases. As reported in previous studies
with adults, children’s performance improved as the number of
pre-target stimuli increased. The data reported here suggest that
there is a limit on such attentional awakening in children, where
performance starts to deteriorate when more than 8–9 pre-target
items are presented. For deaf children, the improvement due to
attentional awakening was less pronounced and this appeared to
be due to a decrease in performance when 10–12 items preceded
the target compared to when there were 1–9 pre-target items.
Attentional awakening has been argued to reﬂect an ‘entrainment’
process where the visual system becomes attuned to the rate of
presentation and attention can then be allocated in a predictive
manner (Ariga & Yokosawa, 2008). Others have argued that the
effect does not reﬂect enhanced predictability of stimulus occur-
rence, but rather is an effect of increased resource allocation to
the stimulus stream over time (Kranzioch & Bryant, 2011;
Kranzioch & Dhinakaran, 2013). A deﬁcit in visual attentional
entrainment in the deaf children could be attributed to an inability
to sustain the allocation of resources to the stimulus stream, or due
to an inability to maintain stimulus entrainment over longer dura-
tions in the deaf children. Our previously reported ﬁndings thatata than linear slopes. These revealed that the smaller linear slopes for deaf children
pre-target items observed only for the deaf children. A non-linear analysis suggests
s they are equally capable of synchronizing their visual attention system to the rate
at may have disguised similar deaf-hearing differences in that population.
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equally capable of sustaining visual attention (Dye & Hauser,
2014) mitigates against such a resource allocation interpretation.
In terms of an inability to maintain entrainment, there are at least
two possible interpretations. Firstly, it may reﬂect a shift in spatial
attention away from the stimulus stream, which may also be mod-
ulated by alpha-band oscillations in visual sensory cortices (Bauer,
Kennett, & Driver, 2012). However, in the absence of peripheral
distraction, and given the short time periods over which children
were required to attend to the RSVP streams, this interpretation
is also unsatisfactory. The second possibility is that the neural
mechanisms responsible for temporal entrainment are selectively
impaired in the deaf children as a result of their hearing loss. This
possibility will be discussed further in Section 4.
The ﬁnding that the number of items appearing after the target
inﬂuenced how accurately it was identiﬁed was unexpected. While
a backwards masking effect would be predicted, it is unclear why
increasing the number of maskers would improve performance in
hearing children (but not in deaf children). One possibility is that
maintaining entrainment across the whole stimulus stream
(including items that follow the target) allows the observer to bet-
ter retrieve information about that target from visual short-term
memory when a response is required. Successful entrainment
might therefore provide a stronger temporal code in visual short-
term memory and enhance retrieval when a response is required.
Assuming an episodic buffer that is being updated as new stimuli
are attended, increasing the number of post-target itemsmaymove
the target to a position that is close to the start of the temporally-
structured buffer, thereby decreasing the number of competitors
surrounding the target. For deaf children, a failure to maintain
entrainment would result in poorer temporal coding in visual
short-term memory, either abolishing the effect or attenuating its
magnitude. More studies will be required to determine the role of
temporal entrainment in establishing visual short-term memory
coding.3. Experiment 2: adults
In a follow-up experiment, deaf and hearing adults were tested
on the same task. It was theorized that if the failure to temporally
entrainment in the visual modality were replicated in deaf adults,
then this would imply an effect driven by auditory deprivation. If
not, then an appeal to cognitive or attentional processes known
to change across development may be required.3.1. Methods
3.1.1. Participants
A total of 34 hearing and deaf adults aged between 18 and
30 years were recruited. Screening questionnaires were used to
exclude individuals who (1) played action video games, (2) wore
cochlear implants, (3) reported a learning disability or visual
impairment (other than being shortsighted), or (4) had a history
of neurological or psychiatric disorder. The hearing and deaf adults
did not signiﬁcantly differ in age (t(32) = 0.16, p = .877) or gender
distribution (Fisher’s Exact Test, p = .422).3.1.2. Hearing adults
Hearing adults (n = 26) were recruited from the student popula-
tion of the University of Illinois at Urbana-Champaign, and paid for
their participation. Their mean age was 21 years 1 month, with a
range of 18 years 9 months to 28 years and 4 months. Fourteen
were female, and twelve were male. None reported any hearing
impairment or knowledge of American Sign Language.3.1.3. Deaf adults
Deaf adults (n = 8) were native signers of American Sign Lan-
guage who were born with at least a severe-to-profound hearing
loss in their better ear (>75 dB HL PTA). They were all recruited
from the student body at the National Technical Institute for the
Deaf in Rochester, NY. Their mean age was 21 years and 3 months,
with a range of 20 years and 1 month to 23 years and 9 months. Six
were female and two were male.
3.2. Results
For all statistical tests, an alpha criterion of 0.05 was established
a priori. All variables met the requirements for parametric NHST.
However, the repeated measure (pre-target bin) failed to meet
the criterion for sphericity to be assumed (Mauchly’s W = 0.611,
p = 0.010); Greenhouse–Geisser corrected degrees of freedom were
employed when computing signiﬁcance levels.
3.2.1. Effect of pre-target bin on RSVP accuracy
Inspection of the adult data suggested that attentional awaken-
ing was apparent for both deaf and hearing adults. There was also
no sign of the drop-off in performance after 10–12 pre-target char-
acters seen in the deaf children in Experiment 1. The data were
entered into a repeated-measures ANOVA with pre-target bin (1–
3, 4–6, 7–9, 10–12) as a repeated measure, deafness (deaf, hearing)
as a between-subjects factor, and identiﬁcation accuracy as a
dependent measure.
There was a signiﬁcant main effect of pre-target bin:
F(3,96) = 3.64, p = 0.027, partial eta-squared = 0.10. Within-subjects
contrasts (Helmert) revealed that accuracy after 1–3 pre-target
characters (M = 92.3%) was worse than after 4–12 pre-target
characters (M = 96.1%): F(1,32) = 6.61, p = 0.015, partial eta-squared
= 0.17. The main effect of deafness did not approach signiﬁcance
(F < 1), providing no evidence for any performance differences
between deaf and hearing adults, and nor was the two-way inter-
action between pre-target bin and deafness statistically signiﬁcant
(F < 1).
As in Experiment 1, identiﬁcation accuracy was regressed on
number of pre-target items to generate a slope (change in accuracy
for each pre-target item) and intercept (baseline accuracy pro-
jected onto 0 pre-target items). For hearing adults, the mean inter-
cept was 91.7%, and for deaf adults it was 91.4%. This difference
was not statistically signiﬁcant (F < 1). For the slopes, the hearing
mean was 0.47% per pre-target item, and for the deaf it was
0.35% (again, F < 1). For the hearing adults, the mean slope of
0.47%/item was signiﬁcantly different from 0 (t(26) = 3.06,
p < .01) indicating an increase in accuracy as the number of pre-
target items increased. For deaf adults, however, the mean slope
of 0.35%/item did not differ signiﬁcantly from zero (t(7) = 0.73,
p = .490) suggesting no evidence of increasing pre-target items
resulting in improved accuracy for the deaf adult group.
3.2.2. Comparison of linear and quadratic models
As for the data from children, the adult data were ﬁtted with lin-
ear and quadratic functions to determine the validity of the preced-
ing linear analysis. For the hearing adults, a linear function provided
a statistically signiﬁcant ﬁt to the data: accuracy = 91.7 +
(0.5  number of pre-target items), df = 10, p = .011, R2 = 0.49. A
quadratic function also provided a statistically signiﬁcant ﬁt: accu-
racy = 88.6 + (1.8  number of pre-target items)  (0.1  number
of pre-target items2), df = 9, p < .005, R2 = 0.76. The increase in R2
from the linear to the quadratic ﬁt was statistically signiﬁcant
(p = .017), indicating a better quadratic ﬁt to the data than a linear
function.
The pattern for the deaf adult data was less clear. The linear ﬁt
was not statistically signiﬁcant: accuracy = 91.4 + (0.35  number
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quadratic ﬁt: accuracy = 87.6 + (2.0  number of pre-target
items)  (0.1  number of pre-target items2), df = 9, R2 = 0.37,
p = .126. Although there was a large increase in R2 going from a lin-
ear to a quadratic model, the increase in R2 was not statistically
signiﬁcant (p = .105). It appears likely that the small sample size
provided insufﬁcient statistical power to detect these effects in
deaf adults.3.2.3. Effect of post-target bin on RSVP accuracy
In order to determine the extent to which backward masking
may have differentially inﬂuenced performance in deaf and hear-
ing adults, a repeated-measures ANOVA was conducted with
post-target bin (3–4, 6–7) as a repeated measure, deafness (deaf,
hearing) as a between-subjects factors, and identiﬁcation accuracy
as the dependent measure.
The ANOVA revealed no signiﬁcant main effect of post-target
bin (F(1,32) = 1.47, p = .235, partial eta-squared = .04) or deafness
(F < 1), and no signiﬁcant interaction between post-target bin and
deafness (F < 1).4. General discussion
Temporal entrainment effects were observed in both deaf and
hearing children: as the number of pre-target items increased,
identiﬁcation accuracy for the target improved. Thus there is prima
facie evidence of what Ariga and Yokosawa (2008) termed ‘‘atten-
tional awakening’’ in children, whereby the visual attentional sys-
tem requires a period of stimulus presentation to attune itself to
the presentation rate and maximize the probability of target iden-
tiﬁcation. In the adult studies reported by Ariga and Yokosawa
(2008), this effect plateaued after around 8–13 items (equivalent
to 0.8–1.3 s of stimulation at a 10 Hz presentation rate). For the
children in this study, the plateau was within this range, occurring
after 8–9 items (equivalent to 1.3–1.5 s of stimulation at the 6 Hz
presentation rate). Linear improvement as a function of the num-
ber of pre-target items was modeled by computing slopes express-
ing the percent improvement in target identiﬁcation as a function
of pre-target items. For hearing children the mean slope was 0.9%/
item, representing signiﬁcant gains in accuracy as pre-target items
increased. This slope was correlated with the age of the child, such
that older hearing children had larger slopes than younger hearing
children. This correlation is suggestive of a developmental trend
whereby temporal entrainment mechanisms become more efﬁ-
cient between the ages of 6 and 13 years.
Deaf children had smaller slopes than hearing children, with the
mean slope being only 0.1%/item and not differing signiﬁcantly
from a slope of zero. Neither did the slopes for deaf children corre-
late signiﬁcantly with their ages, although the effect size was non-
trivial (r = +0.37) albeit smaller than that of hearing children
(r = +0.60). One interpretation, therefore, is that the attentional
awakening mechanism is impaired in deaf children. However, the
data suggest that attentional awakening in preparation for the tar-
get stimulus is non-linear. This makes intuitive sense, given that
there is a boundary of behavioral performance beyond which fur-
ther identiﬁcation gains cannot be made. Inspection of the data
reported by Ariga and Yokosawa (2008) also suggests a large
degree of non-linearity. Analyzing behavioral gain in the current
study as a second order polynomial (quadratic) function revealed
that improvement in performance was apparent for up to 9 pre-
target items (1.3 s), and then the improvement either plateaued
(hearing children) or there was a notable decrease in target identi-
ﬁcation accuracy (deaf children). This is a suggestive of a two-stage
process whereby temporal entrainment of visual attention is fol-
lowed by a maintenance period where entrainment is sustainedat optimal levels for as long as possible (or as long as the task
demands). Thus, the apparent temporal entrainment deﬁcit in deaf
children may instead reﬂect difﬁculty in maintaining that entrain-
ment once it has been achieved. The data reported here would sug-
gest that such maintenance is short-lived in 6–13 year old deaf
children.
In adults, the effect of the number of entraining stimuli was
smaller than in children, reﬂecting much higher levels of baseline
performance. Indeed, it appears that both deaf and hearing adults
performed near ceiling on the task, making it difﬁcult to draw
interpretations based upon entrainment effects of similar magni-
tude in the two adult groups.
What are the possible causes of deﬁcits in temporal visual
attention in deaf children? One possibility is that deaf children
may be unable to sustain their attention for long enough, becoming
distracted after around 1.0–1.5 s. This is highly unlikely given the
previous demonstration that deaf children are as capable as hear-
ing children of sustaining attention for much longer periods of time
(Dye & Hauser, 2014). Another interpretation is that temporal
attentional resources are depleted in deaf children, as predicted
by theories such as the auditory scaffolding hypothesis (Conway,
Pisoni, & Kronenberger, 2009). While not apparent at stimulus pre-
sentation rates of 1 Hz (Dye & Hauser, 2014), deﬁcits in temporal
processing may become apparent at higher rates of presentation,
such as those used here (6 Hz) or in the study reported by Dye
and Bavelier (2010) where presentation rates were higher
(9.43 Hz) and the target discrimination accuracy of deaf children
was worse. Without a systematic mapping of performance at dif-
ferent presentation rates in the same sample, it is hard to draw
ﬁrm conclusions. We have previously argued that apparent tempo-
ral deﬁcits in deaf children may actually reﬂect differences in the
default spatial allocation of selective attention (Dye & Bavelier,
2010, 2012; Dye & Hauser, 2014). In order to successfully process
a rapid temporal stream of visual events co-occurring at the same
spatial location, one must also spatially select that location in order
to maximize the probability of target detection. Thus, an inability
to maintain attention at the spatial location of the RSVP stream
may have resulted in the observed pattern of results. Under this
proposal, the ﬁxation cue functions as an alerting cue and pulls
spatial attention to the RSVP location (Dye, Baril, & Bavelier,
2007). However, for deaf children this would be an effortful pro-
cess, with the default state being attention to the periphery. In
the current study, however, the drop-off in performance occurred
after only 1.0–1.5 s, and there were no concurrent distracting stim-
uli on the screen. Another possibility, if one accepts the non-linear
characterization of the data, is that the temporal deﬁcits occur at
the stage when temporal entrainment must be maintained. Under
either interpretation, the data suggest that early profound deafness
may indeed alter temporal aspects of visual processing. As we have
argued elsewhere (Dye & Bavelier, 2012), visual attention deﬁcits
in deaf children are larger in those who have delayed exposure
to spoken language than in those with early exposure to a sign lan-
guage. The auditory scaffolding hypothesis (Conway, Pisoni, &
Kronenberger, 2009) proposes that both access to sound and expo-
sure to spoken language contribute to the development of cogni-
tive sequencing skills. The data reported here suggest that the
auditory modality may indeed facilitate cognitive sequencing –
more speciﬁcally the ability to allocate visual attention to a rhyth-
mic sequence of events in a predictive manner that boosts perfor-
mance. It remains possible, however, that early exposure to a sign
language also provides rhythmically structured input that can
facilitate domain-general entrainment of temporal attention. More
studies of deaf children with a range of hearing losses and language
backgrounds will be required, employing stimulus sequences of
varying frequency/rhythmicity, before the effects of audition and
language can be teased apart. While task difﬁculty was appropriate
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effects were apparent in the adult data. Future studies will need
to carefully titrate task difﬁculty and determine the range of values
that are needed to adequately characterize the effects of interest.
Here we demonstrate that deﬁcits in visual processing in the
temporal domain can be observed in deaf children, even in those
exposed to a natural signed language from birth. It remains unclear
whether these deﬁcits represent an inability so successfully
entrain to a 6 Hz stimulus stream, difﬁculties in maintaining
entrainment once achieved, or a combination of both. This work
contributes to the literature by suggesting that while early audi-
tory deprivation may lead to enhancements in spatial aspects of
visual attention, there may be a concomitant deﬁcit in temporal
aspects. It is not yet known whether this represents differences
in how the auditory and visual systems represent spatial and tem-
poral information, or differences in how spoken and signed lan-
guages exploit space and time. Understanding how a lack of
audition affects the development of vision, and the role of spoken
and signed language exposure, is important for both informing the-
oretical accounts of the complex interaction between sensory, cog-
nitive, and linguistic systems, and for understanding the visual
skills and abilities that deaf children bring to formal and informal
learning environments.Acknowledgments
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